In this work the baryon number and strange susceptibility of second and fourth order are presented. The results at zero baryonchemical potential are obtained using a well tested chiral effective model including all known hadron degrees of freedom and additionally implementing quarks and gluons in a PNJL-like approach. Quark and baryon number susceptibilities are sensitive to the fundamental degrees of freedom in the model and signal the shift from massive hadrons to light quarks at the deconfinement transition by a sharp rise at the critical temperature. Furthermore, all susceptibilities are found to be largely suppressed by repulsive vector field interactions of the particles. In the hadronic sector vector repulsion of baryon resonances restrains fluctuations to a large amount and in the quark sector above T c even small vector field interactions of quarks quench all fluctuations unreasonably strong. For this reason, vector field interactions for quarks have to vanish in the deconfinement limit.
Introduction
A major objective of heavy-ion experiments as performed at the RHIC, LHC, and future experiments at the upcoming Facility for Antiproton and Ion Research (FAIR) is to study properties of strongly interacting matter, particularly characteristics of the phase transition at high temperatures and baryon densities. There are robust indications that in high-energy nuclear collisions an extremely hot and dense state of matter forms. This quark-gluon plasma (QGP) shows characteristics of a nearly perfect fluid with very low viscosity [1] [2] [3] [4] . Lattice QCD has found this deconfinement transition from a hadron resonance gas (HRG) to a gas of quarks and gluons at zero baryonchemical potential µ B = 0 to happen at T ≈ 160 MeV in a smooth cross-over for all thermodynamic variables [5, 6] . At finite µ B , this phase transition is shifted to smaller temperatures [6] [7] [8] [9] , whereas the exact position, the order of the phase transition, and the potential existence of a critical endpoint in the region µ B > 0 are still subject of scientific study.
The extraction of robust observables for the phase transition from final state particles remains a major difficulty in studying the QCD phase diagram experimentally. Since average fluctuations of quantum numbers in a finite volume differ significantly between the confined and deconfined phase, fluctuations of conserved charges, such as of the net baryon number and the electric charge, are suitable indicators for the phase transition and may signal QGP formation [10, 11] .
Generally, in experiments fluctuations of observables occur due to systematic uncertainties in experimental techniques inEmail address: rau@th.physik.uni-frankfurt.de (P. Rau) cluding inexact measurement processes and statistical uncertainties. Additional random fluctuations of more fundamental nature exist which can be attributed to the dynamics and thermodynamics of the system under consideration. In the microscopic limit, random density fluctuations occur in an early stage of a dynamically evolving system. In heavy-ion collisions initial event-by-event inhomogeneities arise due to randomly distributed impact parameters and colliding nucleons as well as to quantum fluctuations in the scattering cross sections [12] . Initial inhomogeneities in a thermalized system can strongly be amplified, when the system evolves through a phase transition [13] [14] [15] . At the critical temperature of a first-order phase transition, two degenerate thermal equilibriums exist. When the hot system cools down through the transition, parts of the matter can remain in an unstable local minimum and due to spinodal decomposition narrowly defined regions with different thermodynamic properties can emerge. Furthermore, processes such as critical slowing down, reheating of the system, and the formation of domains can occur in a dynamical system near a critical point or when crossing a phase transition [12, [16] [17] [18] [19] .
Amplifications of fluctuations at the phase transition are likely to occur in heavy-ion collision, in which a highly excited and heated fireball (with parts of it potentially in thermal equilibrium) expands and cools down. In this dynamic process matter may cross a first or higher-order phase transition and potential clumping of matter and the impact of density fluctuations during hadronization may be recognizable in particle observables such as a possibly higher production rate of heavy fragments and of exotic nuclei. Therefore, the enhancement of (event-by-event) fluctuations may hint the creation of a QGP [10, 11] , hitting the critical point [12, 16, [20] [21] [22] or crossing a first-order phase transition [14, 15, [17] [18] [19] . However, no experimental indications for increased fluctuations in the transverse momentum close to the suggested region of a critical endpoint have been observed yet [23] [24] [25] .
In heavy-ion experiments, fluctuations can be best studied on an event-by-event basis. Observations of fluctuations are restricted to accessible observables, such as correlations in the momenta of produced particles and fluctuations of the quantum numbers in small sub-volumes. In theoretical models assuming thermal equilibrium, fluctuations of conserved charges in defined volumes, such as electric charge, baryon number, (strange) quark number, and other quantum numbers, are known to correlate with higher-order cumulants of the partition function, so-called susceptibilities. This approach to fluctuations is widely used in particular by lattice QCD and other theoretical models for strongly interacting matter [26] [27] [28] [29] [30] .
Relating theory considerations with experiment, in [31] it is pointed out that susceptibilities can be measured experimentally "since they can be expressed as integrals over either spatial or momentum space correlation functions. Thus, as long as one deals with susceptibilities, i.e (co)-variances, there is a one to one mapping from lattice QCD results to heavy-ion collisions [. . .]. The susceptibilities can be extracted from data either by studying event-by-even fluctuations of a given quantity or by measuring and integrating the appropriate multi-particle densities [32] ." This implies the comparability of experimental data to theoretical models, such as PNJL and chiral effective models.
For the outlined reasons, susceptibilities from the chiral model should signal the shift in the degrees of freedom at the phase transition due to the drop in the effective baryon masses (chiral transition) as well as the rising quark abundance above T c (deconfinement transition). Comparing model results to lattice QCD can give insight into potential differences in the underlying degrees of freedom and to what extent this transition is driven by hadrons or quarks.
Chiral Effective Model
This work studies fluctuations of conserved charges at the phase transition using a unified approach to QCD matter. The effective model combines a SU(3)-flavor σ-ω model [33] [34] [35] [36] with a PNJL-type approach for deconfinement [37] [38] [39] [40] [41] [42] [43] . The model features a chiral and deconfinement transition and includes both a HRG phase with the spectrum of all known hadrons with masses m H ≤ 2.6 GeV [44, 45] as well as a quarkgluon phase at high temperatures and densities. In the following, basic concepts of the model are shortly outlined; see [46] for a comprehensive review and all parameter values.
In mean field approximation [47, 48] the full Lagrangian reads L = L kin + L int + L mes . It includes the kinetic energy of the hadrons L kin [35] . Furthermore, L int describes the attractive interaction of baryons and quarks with the scalar isoscalar mesons condensates σ, ζ and the repulsive interaction with the vector isoscalar fields ω, φ expressed by
Index i runs over the three lightest quark flavors (u, d, s), the baryon octet, decuplet, and all heavier baryon resonances. The σ-field is the order parameter for the chiral transition. Except for a small explicit mass δm i , the particles' coupling strengths g iσ,ζ to the scalar fields dynamically generate the effective masses
It is δm u,d = 6 MeV, δm s = 105 MeV for the quarks and δm i = 150 MeV for nucleons. The value of δm i becomes larger with increasing vacuum mass of the specific particle. A decreasing σ-field at high T and µ causes the effective baryon masses to drop and, thus, chiral symmetry to be restored. Accordingly, the effective chemical potentials for quarks and baryons µ * i = µ i − g iω ω − g iφ φ, are generated by the vector couplings g iω,φ .
Couplings of the baryon octet are fixed such as to reproduce well-known vacuum masses, nuclear saturation properties, and the asymmetry energy [36, 49] [50] . To obtain a crossover at µ B = 0 in all quantities, the scalar resonance coupling is fixed r s ≈ 1. The vector coupling r v is varied in order to study the suppressive effect of vector field interactions. Baryon resonances have large impact on the overall phase structure and the resulting order and position of the phase transition. Reasonably large resonance vector couplings rule out a potential first-order phase transition in favor for a smooth cross-over in the whole T -µ plane [50] . This smooth transition is due to the gradual population of heavy-mass resonances states. A non-interacting HRG is considered by neglecting all particle interactions with the fields and setting δm i to the respective vacuum mass.
The meson part of the full model Lagrangian
includes the mass terms, self interactions of the vector and scalar mesons, and explicit symmetry breaking. In the absence of quarks, the dilaton field χ, introduced as a gluon condensate in order to ensure QCD scale invariance [35] , is fixed at its ground state value χ 0 . In order to suppress the chiral condensate in the deconfined quark phase, a coupling of the Polyakov loop Φ to the dilaton field is introduced via
All thermodynamic quantities are derived from the grand canonical potential
with Ω th defined in the heat bath of hadrons and quarks including thermal contributions from mesons, baryons, and quarks
with j = u, d, s, the spin-isospin degeneracy factor γ j , and the
Quarks are introduced in the style of recent PNJL models [37] [38] [39] [40] [41] [42] [43] defining the scalar Polyakov loop field Φ via the trace of the time component A 0 of the SU(3) color gauge background field Φ = 1/3 Tr exp (−A 0 /T ) . In the heavy-quark limit, Φ signals the breakdown of Z(3) center symmetry and serves as an order parameter for deconfinement. The transition dynamics from the HRG to the deconfined quark-gluon phase are controlled by the effective Polyakov loop potential
adopted from [42] . Together with the parameter a(T ) = a 0 + a 1 (T 0 /T ) + a 2 (T 0 /T ) 2 and all parameters therein (see [46] for values), U(T, Φ,Φ) is constructed such as to reproduce lattice data for QCD thermodynamics in the pure gauge sector as well as known features of the deconfinement transition [42] . At low temperatures in the confined phase, the minimum of the potential lies at Φ = 0 and it gradually shifts with higher temperatures to Φ → 1 above the critical Polyakov temperature T 0 .
Minimizing Ω/V(T, µ) with respect to the fields, yields the equations of motion of the fields and particle densities. Solving this set of equations, all thermodynamic variables are derived from the pressure p = −∂Ω/∂V and the entropy density s = ∂p/∂T and the expression for the internal energy ǫ = T s − pV + i µ i ρ i , where i includes all particles in the model. With increasing temperatures, the particle density of hadrons decreases significantly leaving pure quark-gluon matter in the high-temperature limit. In the chiral model, this shift in the fundamental degrees of freedom is implemented via an eigenvolume V i ex of all hadrons i, in analogy to [51] [52] [53] and also used in similar hadron models [54] [55] [56] [57] [58] . The baryons exhibit a volume V B ex close to the proton charge volume [59] and the
ex . Since quarks are assumed to be pointlike V q ex = 0. This formalism ensures an effective suppression of hadrons at high T and µ, at the latest when quark abundances rise quickly at the deconfinement phase transition, and in the high-T , high-µ limit a pure quark-gluon phase is established. In order not to spoil the model's thermodynamic consistency, the introduction of an excluded volume entails the re-definition of the chemical potentials, i.e. reducing µ * i by the occupied volume as shown in [46] . Furthermore, the particle densities as well as the energy and the entropy have to be corrected by the ratio of the total volume to the non-occupied sub-volume.
Susceptibilities
At any given point in the phase diagram (T, µ B ), the pressure p(T, µ B ) can be determined by Taylor expanding the pressure at T and zero baryonchemical potential p(T, µ B = 0) = −Ω/V with respect to the ratio µ B /T
In the limit of small µ B , this method yields good numerical results and is widely used by lattice QCD for the extrapolation of data at µ B 0 along lines of constant µ B /T -ratio [26, [60] [61] [62] . The Taylor coefficients of the order n are defined as
which are related to the susceptibilities χ B n , analogously to cumulants in classical statistics, via
In general, the susceptibilities χ i, j,k are derived from the grand canonic partition function Z = exp (−Ω/T ) using
The χ i, j,k n signal fluctuations of conserved charges Q i, j,k [63] . Considering three-flavor QCD, the conserved charges Q are baryon number B, electric charge Q and strangeness S . In the following, only B and S fluctuations are considered.
Following this procedure, the first-order strange quark susceptibility χ S 2 (T ) is determined by expanding the pressure with respect to the strange chemical potential µ s
This quantity describes fluctuations of the strangeness quantum number at zero strange quark chemical potential.
Since in the chiral hadronic model, p(T, µ B , µ s ) can be calculated at any given point in the phase diagram, susceptibilities can directly be determined numerically via Eqs. (9), (12) .
Results
In order to quantify the impact of the quark phase and of repulsive vector interactions, this study of fluctuations in the transition region compares susceptibilities with different model parameterizations differing in the fundamental particle constituents and the respective couplings strengths. The HRG scenario describes the pure HRG in absence of a quark phase neglecting any excluded volume effects. In this scenario, the hadron resonance gas is considered to be ideal, i.e. all hadronic degrees of freedom do not couple to the fields. Therefore, the particles' masses are fixed at their vacuum expectation values. Here, hadrons are considered to be point-like.
The interacting HRG scenario (int. HRG) includes only hadron degrees of freedom as well. In contrast to the HRG parametrization, in this scenario hadrons couple to the meson fields as described above. As a result, their masses and effective chemical potentials are dynamically generated. Since there is no quark phase, this parametrization also does not take into account excluded volume effects.
When implementing the PNJL-like quark phase, the int. HRG+q parametrization denotes the best practice scenario including hadrons and quarks fully coupled to the fields and hadrons exhibiting a finite eigenvolume.
The study of the strange susceptibility additionally makes use of the HRG+q parametrization. This scenario contains hadrons and quarks which are considered to be ideal, i.e. all couplings to the meson fields vanish. However, quarks still couple to Φ and excluded volume effects apply. Figure 1 shows the second-order baryon number susceptibilities χ B 2 /T 2 at µ B = 0 as functions of T contrasted to lattice QCD data using different actions [29, 64, 65] . Panel (a) depicts the susceptibilities for a vanishing resonance vector coupling r v = 0 and (b) for r v = 0.8.
Non-Strange Susceptibilities
As a reference, the gray line shows the non-interacting HRG without quarks. Since this scenario lacks a phase transition, there is no shift in the underlying degrees of freedom. Hence, there is no sudden change in χ B 2 but rather it rises monotonously with increasing temperature due to the gradual population of heavy-mass resonance states. This monotonic behavior is found for both resonance vector couplings regarded here. In this scenario, the absence of suppressive vector field interactions causes an overestimation of the number of degrees of freedom entailing large χ 2 /T 2 ≈ 1 slightly above T c . This finding underlines the major impact of hadron resonances and their couplings on the phase structure and the overall behavior of the system at T c found in [46, 50] . The key implication of these rather large baryon resonance vector couplings lies in the disappearance of a first order phase transition and a critical end point. With r v → 1 only a smooth cross-over exists in the whole phase diagram [50] .
Comparing the purely hadronic results to lattice QCD (data points corresponding to different lattice actions), the slope of χ B 2 /T 2 (T ) from recent continuum extrapolated lattice QCD [29, 65] is in line with HRG results of the model up to T ≈ 150-170 MeV depending on the couplings. Older lattice results with the p4 action [64] show a slightly higher T c and seem to be too small at T < T c compared to HRG results. This discrepancy may be caused by potential cut-off effects in lattice QCD on small lattice sites (N τ ≤ 8).
Similar observations for the suppression of fluctuations with stronger vector interactions are made for the fully interacting model including quarks. In the presence of a quark phase, quark vector couplings have a large effect on the χ B 2 -slope. In both panels, Fig. 1 shows results of the chiral model including quarks with vanishing quark vector couplings g qω = 0 (blue line) and with finite couplings g qω = 4.0 (green line), with the notation g qω and g qv used synonymously. In both HRG+q scenarios the second-order susceptibilities exhibit a peak at T c ≈ 175 MeV when the shift in the degrees of freedom is the fastest. For higher T , susceptibilities for g qω = 0 rise to the Stefan-Boltzmann (SB) limit while they saturate at much lower values in the case of g qω = 4.0. At high temperatures, excluded volume effects cause an effective suppression of hadrons and result in a plateau-like slope or even a small decline of χ B 2 up to T ≈ 220 MeV. In the presence of quarks, the effect of the resonance vector couplings on the susceptibilities lessens and when changing r v = 0 (a) to r v = 0.8 (b), the absolute height is only reduced by a small amount for both g qω -values.
In contrast to this rather small impact of the hadron vector couplings in the presence of a quark phase, the quark vector couplings g qω have a strong quenching effect on fluctuations. When g qω changes from zero to g qω = g Nω /3 = 4.0, the height of the peak in χ B 2 decreases significantly and, likewise, the deviation from lattice data increases for g qω = 4.0 at high T . In [66, 67] it is argued, that a large quark vector coupling is needed to properly describe heavy-mass neutron stars within the framework of a PNJL equation of state (EoS). This reasoning bases on the stiffening of the EoS with larger quark vector couplings [46] . Due to this substantial stiffening, the massradii relation for neutron stars is shifted towards higher masses, matching a constraint put up by the recent observation of massive two-solar-mass hybrid stars [68] . In stark contrast to this constraint on the EoS from neutron star properties, in the context of conserved charge fluctuations, non-vanishing quark vector couplings must be ruled out due to the strong suppression of susceptibilities above T c . Above T c , χ The comparison of the Polyakov loop from the chiral model to lattice QCD as a function of the temperature [46] indicates a rather slow and smooth shift in the degrees of freedom over a large temperature-range in lattice QCD rather than a more sudden switching to quarks and gluons at T c in PNJL models and in the chiral model. This discrepancy is underlined by the deviation of χ PNJL models in the transition to the quark sector is reflected in conserved charge fluctuations close to the critical temperature. In [69] the differences between PNJL and lattice QCD results have been attributed to the presence of bound states in the QGP even well above T c . However, in the chiral model fluctuations above T c are suppressed by excluded volume effects of baryons which are still present in this region.
The same conclusions as for χ B 2 also apply for higher-order susceptibilities and the impact of vector couplings on the occurrence of fluctuations close to T c . Figure 2 shows the fourthorder susceptibilities χ Including the quark phase with g qv = 0 (blue line) and r v = 0.8, this scenario (int. HRG+q) yields a sharp and narrow peak around T c . In contrast, the more recent and continuum extrapolated stout data, which are derived from [65] and [70] , indicate a much broader range of fluctuations which agrees with HRG results at low temperatures and reaches the quark limit at higher T . In the high-temperature limit, lattice QCD and model results including quarks converge to the SB limit.
As for χ In heavy-ion collisions, susceptibilities are subject to additional random fluctuations due to changing volumes of the colliding systems caused by randomly different collision geometries in each collision process. To circumvent this constraining effect and to consistently remove the impact of ever varying volumes, susceptibility ratios are studied [31] . In [71] it is shown that the ratio of fourth to second-order susceptibilities χ B 4 /χ B 4 is sensitive to the shift in the system's underlying degrees of freedom. This ratio can provide information about the constituents of a thermal medium that carries net quark number in both the HRG as well as in the quark phase. Figure 3 shows the ratio χ [8, 26, 29, 65, [72] [73] [74] [75] [76] . Here, the resonance vector coupling is set to r v = 0. When the vector coupling of the strange quark increases from g qφ = 0 (solid green line) to g qφ = g qΛ = −7.4 (dashed green line), strange quark number fluctuations are notably suppressed at high T .
for older p4 and a much broader peak for recent stout results. At high temperatures T > T c , effective model results with g qω = 0 and lattice QCD converge again in the quark limit.
Strange Susceptibility
Below the deconfinement transition in the HRG, strangeness is carried by strange hadrons, mainly strange mesons (kaons). Compared to the temperature scale in this region, strange hadrons have rather large masses. Therefore, the production of strange hadrons is largely suppressed and their multiplicities are small at low T [46, 50] . Contrastingly, in the high-T limit, i.e. in the pure quark-gluon phase, low-mass strange quarks contribute exclusively to the total strangeness in the system. Due to the much smaller quark masses, fluctuations in the strangeness number should increase rapidly at the transition from hadrons to quarks. In the pure quark-gluon phase fluctuations of the strange quark number should reach a maximum. Due to this direct connection of strange quark number fluctuations with the underlying degrees of freedom, the strange quark susceptibility χ S 2 signaling strangeness fluctuations might serve as an indicator for the deconfinement transition (see e.g. [26, 29, 64, 65, 72, 73] for χ s 2 from lattice QCD). Figure 4 depicts the strange susceptibility χ S 2 divided by T 2 as a function of T . Although restricting the net strangeness in the total system to f s = 0, this quantity reflects the fundamental difference in underlying degrees of freedom between the different model scenarios considered here. In the non-interacting HRG, more heavy-mass strange hadrons are produced with increasing T . Since there is no abrupt shift in the degrees of freedom and the hadron masses do not change due to the absence of mean field interactions, χ This finding underlines the observations made for nonstrange susceptibilities: Even small vector field interactions cause a significant suppression of fluctuations at the phase transition. Comparing susceptibilities from the model to lattice QCD results, it becomes apparent, that strange quarks can not exhibit a considerable coupling to the respective vector field.
When regarding the strange susceptibility as an observable for deconfinement, one should keep in mind that not only a shift from hadrons to quarks but also the drop in the effective strangehadron masses leads to a sudden increase of χ S 2 at the critical temperature. For this reason, if the chiral and the deconfinement phase transition do not happen at the same temperature, fundamentally different and more complicated χ S 2 (T )-curves with considerable contributions both from strange hadrons and from strange quarks near the the phase transition might be possible.
Summary and Conclusions
This work presents non-strange and strange susceptibilities at the phase transition (T c ≈ 165 MeV) at µ B = 0 obtained from a chiral model including a PNJL-like quark phase. The model includes all known hadrons and quarks and by this features a chiral transition as well as deconfinement.
Comparing model results to lattice QCD, it shows that heavymass baryon resonances have a large effect on the hadronic sector of quark number fluctuations at T c and the steep increase of susceptibilities in this region results from the occurrence of multiple baryon resonance states. However, rather large repulsive vector field interactions for baryon resonances must be taken into account in order to restrain light quark number susceptibilities to values found in lattice QCD. In σ-ω models including a large spectrum of heavy-mass resonances strong vector field interactions necessarily lead to moving the critical end point to large µ B . In the chiral model used here, vector field interactions of the size determined in this study cause the first order phase transition and a critical end point to vanish [50] .
In the quark sector, model results show that particles are almost acting like an ideal gas. Particularly, this implies that repulsive interactions of quarks with strange and non-strange vector meson condensates must vanish in order not to annihilate fluctuations above T c . The strange quark number susceptibility reflects not only the shift from hadrons to quarks but also signals a large contribution from strange baryons, which loose most of their effective masses at the chiral transition. Therefore, the strange susceptibility should not be regarded as a clear indicator for the shift in the degrees of freedom. This finding encourages further model studies to explore the contribution of hadrons and quarks at the transition using the baryonstrangeness correlator to show how fast the ideal gas limit is achieved.
